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Introduction
Although it has been known for some time that a loss of potassium from
the body occurs in fasting3' 18 and certain types of dehydration,5' 13 and
recently that the replacement of this potassium during parenteral therapy
of the dehydration due to infantile diarrhea may materially reduce the
mortality rate,9 many of the changes that occur in the metabolism of potas-
sium during the state of extreme dehydration associated with diabetic
acidosis and coma have remained obscure. Potassium is lost from the body
during the development of diabetic acidosis,1' 6 and low serum levels of
potassium have been reported during recovery.7 19 ,2325,28 Occasionally
there have been associated symptoms attributed to these low levels.23 28
A study of potassium metabolism in diabetic acidosis was undertaken in
the hope of defining more clearly the changes in potassium which occur
during recovery from severe diabetic acidosis and, if possible, to ascertain
whether it is necessary to replace potassium in these patients.
Experimental procedures and methods
The subjects studied were adult patients admitted in severe diabetic
acidosis to the New Haven Hospital. In the first part of the study, the sera
from blood samples drawn before institution of therapy were analyzed for
sodium and potassium. Additional blood samples were drawn at four-hour
intervals for the determination of sodium and potassium during the early
phases of therapy, and at somewhat longer intervals thereafter.
In the second part of the study, the electrolyte balances of two patients
were measured. Urines of these patients were analyzed for sodium, pota-
sium, chloride, and nitrogen. In addition, sera were analyzed at the begin-
ning and end of each period for sodium, potassium, chloride, and water. In
one patient the balance of phosphorus was also measured.
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Because of the low serum potassium found in the initial stages of the
study, it was thought desirable to administer potassium to these patients to
ascertain whether any beneficial effects resulted. As low serum inorganic
phosphate levels have been reported during recovery from diabetic acidosis,19
it was felt that a solution of potassium phosphate should, on theoretical
grounds, be best suited for this condition. Accordingly, varying amounts of
a mixture of K2HPO4 and KH2PO4 of pH 7.4 were injected intravenously.
Balances were measured to determine how much of the administered
potassium was retained.
Electrocardiograms were also taken on these patients before, during, and
immediately after each administration of potassium phosphate solution.
Sodium and potassium in serum and urine were determined by means of
the flame photometer.2 The techniques employed were those described by
Hald.20 Serum chloride was measured by Hald's modification of the
Patterson micro method,29 serum inorganic phosphate by the method of
Fiske and Subbarow,'6 and serum bicarbonate content by means of the
Van Slyke constant volume apparatus.29 Serum water was estimated from
the difference between wet and dry weights of one cc. aliquots. Blood sugar
values were determined on Somogyi31 filtrates according to the method of
Benedict4 using Rothberg and Evans tubes.30 Hematocrits were measured
by the use of Daland calibrated tubes.12 Urine chlorides were determined by
the Volhard-Harvey titration,21 urine total nitrogen by the macro-Kjeldahl
method,29 and urine phosphate by the method of Fiske and Subbarow.16
Calculations
The calculations used in the balance studies were those devised by
Elkinton which have been reported in detail.13 Changes of extracellular
fluid volume were calculated from the balance of chloride and the change
in concentration of chloride in the serum. In this calculation it was assumed
that after the patient had recovered from his acidosis and was adequately
hydrated, the final extracellular fluid volume was equal to 20%o of the body
weight. Using this value and the chloride balance the changes in the chloride
space could be extrapolated backward in time to yield a value for the initial
extracellular fluid volume.
The changes in intracellular electrolytes were taken to be the difference
between the total balance of each electrolyte and the amount which was
calculated to be associated with changes of extracellular fluid volume. The
concentrations of sodium and chloride in the extracellular fluid were cal-
culated from their concentrations in the serum water using a Gibbs-Donnan
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factor of 0.95. In the calculation of the concentration of potassium and
phosphorus in the extracellular fluid a Gibbs-Donnan factor was not used
as the amounts of potassium and phosphorus in the serum that are diffus-
ible have not been clearly defined. Because of the relatively low concentra-
tions of these ions in the serum, such a correction would not materially
affect the final results.
Inthe processes ofcell catabolism and anabolism, potassium is respectively
lost and retained, since it is a normal constituent of cellular protoplasm.
Using the nitrogen balance as an index of the final equilibrium between
anabolism and catabolism an attempt was made to calculate the changes in
potassium in "excess" of the changes in nitrogen. For this purpose a K: N
ratio of 2.38 was used. This figure is taken from the data of Hastings22
and is the lowest ratio found in analyses of the skeletal muscle of dogs by
several observers.1i, ii, i5,22, 26, 27 The highest ratio, 2.94, is that of
Eichelberger.ii The use of the highest K: N ratio would give a slightly
lower value for the balance of the "excess" potassium in patient C.R., but
would have a negligible effect on the total balance of "excess" potassium in
patient F.O'K. as her overall nitrogen balance was only minus 1.7 gm.
Results
The chemical findings in the patients on whom serum studies were done
are presented in Table 1. The changes in the serum electrolytes are cor-
related with the amount of fluid, glucose, sodium chloride, and insulin given,
and with the output of urine. Most of these patients were in moderately
severe acidosis as can be seen from their initial serum CO2 contents, and
several were in a moderate degree of circulatory collapse as evidenced by
their initial blood pressures. However, with one exception, all patients
responded well and made uneventful recoveries. The one exception, F.R.,
Table 1, had a severe degree of renal insufficiency complicating her diabetes.
Although she recovered from her diabetic acidosis, her renal insufficiency
gradually became more pronounced and she died two weeks after admission.
The most striking and consistent electrolyte changes were those in the
concentration of serum potassium, which in all of these patients was initially
elevated; but, with the inception of therapy, it diminished, and in one
patient fell as low as 2.7 mEq. per liter. The changes in the serum potassium
of all of the patients studied during recovery from diabetic acidosis are
shown in Figure 1. The lowest concentrations occurred twelve to twenty-
four hours after therapy had begun. At this point the serum potassiunm
began to rise gradually, but usually required several days to reach the
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normal level. These patients were observed carefully for any signs or
symptoms which might result from a low serum potassium concentration,
but none developed conspicuous muscular weakness or respiratory difficulty.
FO'K 0------0
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MA <-
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FIG. 1. Concenitration of serum potassium during recovery from diabetic acidosis.
Broken lines represent the two patients who received potassium.
Initial concentrations of sodium in the sera tended to be low, but rose
quickly with therapy, and maintained a relatively constant level despite the
parenteral administration of large amounts of salt and water. There was no
consistent relation between the concentration of sodium and that of potas-
sium in the serum. There was no obvious correlation between the level of
blood sugar, which ranged initially from 450 to over 1,000 mg.%o, and the
severity of the acidosis or the level of the serum potassium.
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The second part of the results deals with the data obtained from balance
studies carried out on two patients during recovery from severe diabetic
acidosis. In the first patient, C.R., sodium, potassium, chloride, and nitrogen
balances were measured, and in the second patient, F.O'K., the phosphorus
balance as well.
The changes in the blood chemistry, correlated with the therapy, are
presented in Table 1. The intake, output, and balances of electrolytes are
shown in Table 2, and the data derived by calculation in Table 3.
On admission both of these patients were comatose and had pronounced
overbreathing. They were in severe diabetic acidosis with initial CO2 levels
of 5.1 and 4.2 mEq. The initial serum sodium of C.R. was low, but that of
F.O'K. was considerably higher than normal, and remained so after her
recovery from acidosis.
The initial serum potassium concentrations, like those of the preceding
five patients, were elevated, and fell rapidly during the early hours of
therapy. The lowest concentration observed, 2.5 mEq., occurred in F.O'K.
fifteen hours after initiation of treatment, but was not accompanied by
symptoms or signs of hypokalemia.
The changes in the serum inorganic phosphorus were even more striking
than those of the serum potassium. Like that of potassium the initial concen-
tration of phosphorus tended to be elevated and to fall with therapy, until
low levels were reached. However, the fall in serum phosphorus was much
more abrupt, suggesting that the early changes in serum potassium and
phosphorus are probably coincidental rather than related.
A mixture of the monobasic and dibasic salts of potassium phosphate was
administered to the two patients, C.R. and F.O'K. In the first patient, C.R.,
the initial dose of potassium phosphate containing 54 mM. of potassium and
30.2 of phosphorus, dissolved in 1,000 cc. of 5% glucose, was given intra-
venously over a period of four hours. It was begun ten hours after initiation
of therapy. The serum potassium immediately before the administration of
potassium of 2.9 mEq., and shortly after the completion of the infusion was
3.2 mEq. The T waves in an electrocardiogram before potassium was given
were inverted or isoelectric; after its administration they were more upright.
A second dose of potassium phosphate, containing 81 mM. of potassium
and 45.3 of phosphorus, again dissolved in 1,000 cc. of 5% glucose, was
given over a period of four hours, beginning twenty hours after therapy
was started. A serum potassium immediately before was 3.5 mEq., and one
hour after administration of potassium was 4.2 mEq. The T waves in the
electrocardiogram were now upright in all leads. This was the only objec-
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tive evidence of any beneficial effect. There was no dramatic change in the
patient's clinical condition.
The second patient, F.O'K., received slightly larger doses of potassium
phosphate seventeen hours after therapy began, at a time when her serum
potassium was 2.5 mEq., and her serum phosphorus 0.3 mM. per liter. Her
first dose contained 109 mM. of potassium and 60.4 of phosphorus, and
was given intravenously in 1,500 cc. of 5% glucose. Because of technical
difficulties with the infusion set, this required about eight hours. Two hours
after the infusion finished, a serum potassium was 3.2 mEq. per liter and
a serum phosphorus was 1.2 mM. per liter. During this period the patient
also received 11 mM. of potassium and 1.5 of phosphorus by mouth.
The second injection of potassium phosphate, begun forty-one hours after
admission, contained 109 mM. of potassium and 60.4 of phosphorus in 1,500
cc. of 5%o glucose which was given over a four-hour period. The serum of
blood drawn eighteen hours later contained 4.2 mEq. of potassium and
0.7 mM. of phosphorus per liter. During this period the patient also
received 53 mM. of potassium and 6.4 of phosphorus by mouth. In the last
period the patient was given 134 mM. of potassium and 5.3 of phosphorus
by mouth. Serum potassium at the end of this period was 4.8 mEq., serum
phosphorus was 1.2 mM. per liter.
In Tables 2 and 3 the changes in intracellular and extracellular electro-
lytes are shown. At the time when the serum potassium of these patients
was lowest, no potassium had been taken up by the cells. Actually in patient
C.R. an additional amount seems to have been lost from the cells. Only
when exogenous potassium was supplied to the body did the cells take up
potassium in excess of nitrogen. In contrast to the changes in potassium,
in F.O'K. it can be seen that almost all of the phosphorus which left the
extracellular fluid during the first few hours of therapy was taken up by
the cells.
In Table 3 are also shown the changes in intracellular sodium. In C.R.
the amounts of sodium either going into or leaving the cells during the
various periods studied are small and probably insignificant. In F.O'K.,
however, during each period the cells seem to have taken up varying
amounts of sodium, so that at the conclusion of the study over 700 mEq.
seem to have gone into some part of the intracellular fluid.
Discussion
Although patients in diabetic acidosis appear to have varying degrees of
potassium deficiency, 1,5 the initial concentrations of serum potassium in
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these patients were elevated. In the two patients in which it was estimated,
however, the total amount of potassium in the extracellular fluid was not
increased. The initial elevation of the concentration of serum potassium,
therefore, seems to be due to contraction of the extracellular fluid volume
rather than an actual increase in the amount of extracellular potassium.
Why the concentration is not kept at a more normal level is not clear, but
this may be due to decreased kidney function secondary to circulatory
collapse.
The fall in the serum potassium concentration which has been observed
in these patients, and in other patients recovering from diabetic aci-
dosis,7 19,23,25,28 may theoretically be due to four factors: (i) Expansion
of the extracellular volume resulting from the administration of large
quantities of fluid; (ii) excretion of potassium by the kidney; (iii) transfer
of potassium to the red cells; (iv) transfer of potassium to tissue cells.
Expansion of the extracellular fluid undoubtedly plays a significant part
in causing the serum potassium concentration to decrease. The volume of
extracellular fluid of these patients is greatly contracted at the height of
their acidosis; with therapy it is rapidly re-expanded, and often temporarily
over-expanded. This expansion of extracellular fluid volume will by simple
dilution cause the concentration of serum potassium to diminish. In the
first patient, C.R., at the time when the serum potassium concentration was
lowest, the extracellular fluid volume had risen from 7.8 to 12 liters, an
increase of approximately 50% over its original volume. It is obvious that
in this patient, the early decrease in serum potassium concentration was in
a large measure due to dilution as a result of the expansion of the extra-
cellular fluid volume. However, in F.O'K. expansion of extracellular fluid
seems to have been of less significance as a cause of the decrease in serum
potassium. Fifteen and a half hours after the beginning of therapy her
serum potassium reached its lowest concentration of 2.5 mEq. per liter,
a percentage drop from its original concentration of the same magnitude as
that of patient C.R. Nevertheless, in this patient the extracellular fluid had
increased only from 17.3 to 19.2 liters, or 11%o as compared to the 50%
increase of extracellular fluid of C.R.
In view of tke relatively small increase in the extracellular fluid volume
of this patient, at the time when her serum potassium was lowest, other
factors besides dilution must have been responsible for the decrease. In
Atchley's study the reinstitution of insulin therapy in the one patient who
developed acidosis diminished sharply the urinary excretion of potassium.
In the first three days of recovery this patient excreted only 10.3 mEq. of
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potassium in the urine. This observation has tended to minimize the
importance of excretion of potassium by the kidneys as a cause of the
decrease in serum potassium concentration. However, in patients C.R. and
F.O'K., excretion of potassium by the kidneys was not as sharply curtailed.
In patient C.R., during the first eight hours of therapy, 14 mEq. of potas-
sium were excreted in the urine. As can be seen in Table 3, most of this
was derived from the extracellular fluid. This loss through the kidneys is
equivalent to about one-fourth of the amount originally present in the
extracellular fluid, and in the absence of replacement either from an
exogenous source or by a further release of potassium from the cells would
contribute significantly toward the observed decrease in serum potassium
concentration. In F.O'K. during the first fifteen and a half hours after the
beginning of therapy, and at the time her serum potassium was lowest,
37 mEq. of potassium had been excreted by the kidneys. This is approxi-
mately 40% of the total originally in her extracellular fluid, and seemed to
be the most important factor in causing the decrease in serum potassium
concentration. It is interesting to note that at a time when the serum
potassium concentration of these patients was decreasing to low levels, the
kidneys continued to excrete urine containing 15 to 19 mEq. of potassium
per liter. This observation would seem to indicate that the kidneys do not
conserve potassium even when there is a deficiency of this substance in the
body. This observation is in agreement with that of Elkinton and Tarail32
who found that the kidneys of patients with potassium deficiencies and low
serum potassium concentrations did not seem to conserve potassium.
The third possible factor, movement of potassium from the serum into
the red cells, is believed to contribute little to the decline of serum potassium.
It is known that red cells are depleted of their potassium content during
the development of acidosis7' 19; but Danowski, Hald, and Peters7 found
that these cells did not begin to take up potassium until after the serum
potassium had reached its lowest concentration. In some of their cases the
red cells actually continued to lose potassium during the early phases of
recovery, while the serum potassium was decreasing. In F.O'K., no
potassium had been taken up by the red cells during the first twenty-four
hours.24
The fourth factor is the movement of potassium from the extracellular
fluid into other cells of the body. According to the studies of Atchley et al.1
and Butler,6 during the development of diabetic acidosis large amounts of
potassium in excess of nitrogen are lost from the body. The only possible
source of such large quantities is the cells. Hence, one can say that in severe
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diabetic acidosis cells of some, if not all, tissues are depleted of potassium.
That the red cells are depleted has been demonstrated by direct analysis.7 19
When treatment for acidosis is begun, the processes which resulted in the
loss of cellular potassium are reversed and potassium is taken up by the
cells in excess of nitrogen. However, in Table 3 it can be seen that the initial
fall of serum potassium is not due to a movement of potassium into the cells.
In C.R. and F.O'K., at the time when the serum concentration of potassium
was lowest, no potassium had been taken up by the cells. In fact, in C.R. the
cells seem to have released an additional small quantity of potassium in
excess of nitrogen. As soon as exogenous potassium was supplied to these
patients, however, a considerable amount of potassium was taken up by the
cells in excess of nitrogen. This occurred in both cases during the three
periods in which potassium was given, and at the conclusion of the study
the cells were still retaining potassium in excess of nitrogen, so that the
exact amount which might eventually have gone into the cells can not be
accurately stated. This would seem to agree with observations of Elkinton,
Winkler, and Danowski,14 who, in their studies of the effect of various
alterations of body water and electrolytes, found that appreciable amounts
of potassium were transferred into cells only when exogenous potassium
was available.
The movements of potassium in these patients may be interpreted in the
following manner. During the development of severe diabetic acidosis, pre-
sumably as a result of starvation and dehydration, potassium in excess of
nitrogen is lost from the cells. When insulin therapy is resumed this loss is
abruptly halted. At this time the total amount of potassium in the extra-
cellular fluid is normal or slightly increased, but as a result of the diminu-
tion of the total volume of the extracellular fluid from dehydration its con-
centration is increased. When therapy is begun the loss of potassium from
the cells in excess of nitrogen ceases, and the extracellular fluid is deprived
of its cellular source of potassium. As a consequence, when the extracellular
fluid volume is re-expanded, and a portion of the extracellular potassium is
excreted by the kidneys, the concentration of potassium in the extracellular
fluid falls to the low levels which have been observed. Why none of the
extracellular potassium moves into the cells immediately is not clear. If
transfer of potassium into the cells is dependent upon an exogenous
supply,14 the earlier administration of potassium solutions to these patients
might not only prevent such precipitous drops in serum potassium but allow
earlier replacement of the cellular deficit of potassium.
The movements of inorganic phosphorus in the one patient studied seem
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to be conditioned by other factors than the ones affecting potassium. Like
pot,assium the concentration of serum inorganic phosphorus tends to be high
initially and to fall abruptly with therapy. However, of the 34.7 mM. of
phosphorus which were calculated to have left the extracellular fluid during
the first five hours of therapy, 33.5 mM. must have gone into the cells, as
only 1.2 mM. of phosphorus were excreted during this time. Thus, the
early fall of serum inorganic phosphorus is not due solely to dilution or to
excretion, but seems to result from the movement of phosphorus into the
cells. This movement may be made in response to reactions which are
initiated in the cells as a result of the administration of insulin.
The movements of sodium into and out of the cells in these two patients
followed no definite pattern. In C.R. the movements of sodium were not
consistent, and the quantities were small. In view of the inherent error
involved in calculating the movements of intracellular sodium the changes
in this case are of no significance. In F.O'K. the changes are greater in
magnitude and consistent in direction. Throughout all periods sodium seems
to have left the extracellular fluid, so that at the conclusion of the study,
a total of approximately 761 mEq. appears to have moved into some phase
of intracellular fluid. Muscle cells comprise a large percentage of the total
body cells. Since normally they contain only small amounts of sodium, it is
unlikely that they took up such a relatively large amount of sodium. It
is possible that most of this sodium may have gone into some repository
such as bone which contains appreciable amounts of sodium. Another
possible explanation is that certain cells of the body which normally contain
large amounts of sodium took up most of the 761 mEq.
Thefindings in these patients and in those reported by others6 7, 23, 25, 28, 17
make it advisable to review the use of solutions containing only sodium
chloride and glucose, and to consider the replacement of potassium and
phosphate. It seems well established now that these patients develop varying
degrees of potassium and phosphate deficiency during the development of
acidosis, and that in the majority the serum potassium and inorganic phos-
phate decrease to low levels during therapy. Whether this decreased
concentration of potassium and phosphate in the serum in addition to the
total body deficit is harmful to the patients is difficult to evaluate. In a few
of the cases such as the one described by Holler23 there are clear indications
that the administration of potassium was of benefit. Such objective evidence
of potassium deficiency as the occurrence of muscular paralysis must be
infrequent, but the possibility of deleterious effects which may be more
subtle in their manifestations must be considered.
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In view of the potassium and phosphate deficits, it would seem advisable
to test the therapeutic efficacy of both potassium and phosphate solutions in
the treatment of diabetic acidosis. After the administration of potassium
phosphate there was no obvious clinical improvement in these patients,
although in the electrocardiogram the T waves, which had previously been
inverted or isoelectric, became more upright. After about one-third of the
initial dose of potassium phosphate had been given to F.O'K. her mental
state seemed much improved. Since she was well on the way to recovery
before receiving the potassium phosphate, this response is difficult to
evaluate. In the study of Franks17 it is interesting that the most consistent
change noted when sodium phosphate was given to sixteen patients with
diabetic acidosis was a rapid improvement in their mental states. As the
initial serum potassium of these patients is high, and their renal function,
owing to circulatory collapse, is often poor, the administration of potassium
is not without danger. If it is given too early or too rapidly, it may cause
potassium intoxication. It would seem advisable to wait after initiation of
normal saline and glucose therapy until the serum concentration of potas-
sium has begun to fall and excretion of urine has been restored before
giving potassium.
The amount of potassium which these patients should receive has not yet
been clearly defined. Patient C.R. retained 80 mEq. of potassium in excess
of nitrogen, or approximately 1.5 mEq. per kilogram, while F.O'K. retained
243 mEq., or 4 mEq. per kilogram without developing hyperkalemia. In the
group of patients studied by Danowski et al.,8 larger amounts of potassium
per kilogram seemed to be retained, one patient retaining 8 mEq. of potas-
sium per kilogram, but the concentrations of potassium in the serum
sometimes rose above normal limits.
Whether the administration of potassium to patients in diabetic coma will
reduce the mortality or morbidity remains to be seen. A more prolonged
trial of replacement therapy will be necessary to evaluate any beneficial
results.
Summary and conclusions
1. The concentrations of sodium and potassium in the sera of five
patients with diabetic acidosis were measured at short intervals during
recovery. In two additional patients balances of sodium, potassium, chloride,
and nitrogen were measured as well. In one of these two the balance of
phosphorus was also measured.
2. The serum potassiums of all these patients were elevated on admission,
but during the early hours of therapy fell sharply, in all but two patients
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reaching a concentration of less than 3.5 mEq. per liter.
3. The initial elevation of serum potassium concentration seems to be
due to hemoconcentration and possibly to failure of excretion of potassium
by the kidneys owing to circulatory collapse.
4. In two patients in which it was studied the serum inorganic phosphate
concentration was high initially and fell precipitously with therapy.
5. Potassium phosphate solutions were administered to these two
patients and the amounts of potassium and phosphorus taken up by the
cells were calculated.
6. The decline in serum potassium seems to be mainly a result of expan-
sion of extracellular fluid and excretion of potassium by the kidneys, which
continues even when the concentration of potassium in the serum is low.
The fall in serum phosphate seems to be due primarily to movement into the
cells. Potassium was not taken up by the cells until an exogenous supply
was made available.
7. The significance of these findings and their possible therapeutic
implications have been discussed.
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